Unrelated same-sex individuals pairing together and cooperating to raise offspring over many years is a rare occurrence in the animal kingdom. Cooperative breeding, in which animals help raise offspring that are not their own, is often attributed to kin selection when individuals are related, or altruism when individuals are unrelated. Here we document long-term pairing of unrelated female Laysan albatross (Phoebastria immutabilis) and show how cooperation may have arisen as a result of a skewed sex ratio in this species. Thirty-one per cent of Laysan albatross pairs on Oahu were female-female, and the overall sex ratio was 59% females as a result of female-biased immigration. Female-female pairs fledged fewer offspring than male-female pairs, but this was a better alternative than not breeding. In most femalefemale pairs that raised a chick in more than 1 year, at least one offspring was genetically related to each female, indicating that both females had opportunities to reproduce. These results demonstrate how changes in the sex ratio of a population can shift the social structure and cause cooperative behaviour to arise in a monogamous species, and they also underscore the importance of genetically sexing monomorphic species.
INTRODUCTION
Unrelated same-sex individuals pairing together and cooperating to raise offspring over many years is a rare occurrence in the animal kingdom (Bagemihl 1999) . In birds, female-female pairs have occurred in socially monogamous species with bi-parental care when there was a female-biased sex ratio (Hunt & Hunt 1977; Conover & Hunt 1984; Nisbet & Hatch 1999) . Female-female pairing has not been documented previously in albatross, which is often regarded as an icon of monogamy. Laysan albatross (Phoebastria immutabilis) are indeed characterized by their social monogamy, longevity and obligate bi-parental care (Whittow 1993) . However, unlike other bird species in which female-female pairs have been documented, Laysan albatross can only lay and incubate one egg per year, and will not re-lay if the egg is lost (Fisher 1971; Ryan et al. 2007 ).
Here we document the first record of cooperative breeding in Laysan albatross, in which unrelated females paired with one another for multiple years and cooperated in chick rearing. For unrelated female-female pairing to arise in a population, a surplus of females is often a prerequisite. For this phenomenon to persist in a population, two criteria must be met. First, females in same-sex pairs must have higher fitness than females that do not attempt to nest. Second, both females in a pair should have opportunities to reproduce during the period for which the pair persists, i.e. females must reciprocate (Ligon & Ligon 1978; Nowak et al. 2004) . Examination of the circumstances in which female-female pairing occurred in Laysan albatross can provide insights into the mechanisms through which cooperative breeding may arise in other systems. ( Young & VanderWerf 2008) . Each bird was ringed and a 400 ml blood sample was collected from the tarsal vein. At Kilauea Point National Wildlife Refuge on Kauai, feather samples were collected from a portion of breeding pairs that had a history of two-egg clutches to confirm whether they were female-female pairs. In 2007, all birds on both Oahu and Kauai were observed daily during the entire egg-laying period to determine the order of egg laying and the fate of all eggs laid. Individuals that shared incubation of an egg and feeding of a chick were considered to be a pair. Hatching (percentage of eggs incubated and hatched), fledging (percentage of chicks hatched and fledged) and reproductive success (percentage of eggs that resulted in chicks fledged) were compared using c 2 tests.
MATERIAL AND METHODS
(b) DNA extraction, amplification, sexing and genotyping DNA was extracted using ID Labs DNA isolation kit eluted in 50 ml of H 2 O. All individuals were independently sexed at least twice using protocols described by Fridolfsson & Ellegren (1999) and all putative female-female pairs were sexed four times. Thirtysix microsatellite loci were screened (Burg 1999; Abbott & Double 2003; Dubois et al. 2005) and five loci were selected, which were polymorphic from 4 to 11 alleles. Reaction conditions and microsatellite characteristics can be found in the electronic supplementary material. All loci were scored independently at least twice with GENEMAPPER (Applied Biosystems) and tested for departures from the Hardy-Weinberg equilibrium, linkage disequilibrium and null alleles in GENEPOP (Raymond & Rousset 1997) and CERVUS v. 2.0 (Marshall et al. 1998) ; no locus showed significant deviations from the above assumptions.
(c) Relatedness and parentage analysis Relatedness values were calculated with KINSHIP v. 1.2 (Queller & Goodnight 1989 ) for all female-female pairs using a log-likelihood ratio which tests the null hypothesis that the individuals are unrelated. Parentage assignments were done in CERVUS v. 2.0 (Marshall et al. 1998 ) using 2 candidate mothers and 70 candidate fathers (all males in the colony), and confirmed whether parents shared an allele at each locus with the chick.
RESULTS
Genetic sexing revealed that 31% (NZ39/125) of Laysan albatross nests on Oahu from 2004 to 2007 were attended by female-female pairs (figure 1). The proportion of female-female pairs was similar among years. The presence of two eggs in 44% of femalefemale nests indicated that in some instances both pair members laid an egg, but only one egg was incubated in each case. Eggs that were not incubated either became buried within the nest cup or accidentally rolled out of the nest when the pairs switched incubation duties. All females in these pairs were unrelated ( p O0.05 for all pairwise comparisons). Female-female pairs were also present in Laysan albatross on Kauai (NZ18). A shortage of males on Oahu was confirmed by genetic sexing of all adult birds in the colony, which revealed a female-biased sex ratio (59%, NZ102/172). Paternity analysis showed that 10 of the 16 chicks produced by female-female pairs were fathered by paired males, probably due to a scarcity of unpaired males at the colony during the copulatory period. This observation also provides confirmation of extra-pair copulations in Laysan albatross. Fathers of chicks in female-female pairs were located at varying distances from the nest and were not simply the nearest neighbours. No male fathered more than three of the chicks during the course of the study, indicating that females did not prefer any one male.
Females in same-sex pairs had higher reproductive success than those that did not attempt to nest and thus did not reproduce, but they had lower reproductive success than male-female pairs (figure 2). Fledging rates were similar in female-female and male-female pairs, indicating comparable ability to care for chicks, but hatching success was lower in female-female pairs, leading to lower overall reproduction (figure 2).
Maternity analyses revealed that three out of five female-female pairs that fledged chicks in more than 1 year raised at least one chick from each female, indicating that both females had opportunities to reproduce during the study and thus cooperated. Almost half of the female-female pairs on Oahu were together for the duration of this study (4 years). Several pairs on Kauai have been together for at least 8 years, and one pair on Kauai has been together for 19 years (B. Zaun 2007, unpublished data), indicating that female-female pairing is a long-term strategy.
DISCUSSION
Here we have reported the first record, to our knowledge, of female-female pairing and cooperative breeding in albatross and in the order Procellariiformes. This is the first study of female-female pairing in birds to combine multiple years of reproductive outcomes with parentage of the offspring produced and relatedness of the pair members. The proportion of pairs exhibiting this behaviour in Laysan albatross (31%) was more than double the highest proportion of female-female pairing previously known in any animal (14% in western gulls, Larus occidentalis; Hunt & Hunt 1977) . As in the previously reported cases (Hunt & Hunt 1977; Conover & Hunt 1984; Nisbet & Hatch 1999) , a female-biased sex ratio appeared to be the driving force behind this phenomenon. We therefore suggest that a skewed sex ratio may be causing this behaviour, and that the natural tendency towards social monogamy in this species is what causes it to persist.
The Laysan albatross colony on Oahu is only 17 years old, and while recruitment of chicks hatched at the colony is beginning to occur, most of the increase in colony size was due to immigration (L. Young 2007, unpublished data) . The majority of immigrants thus far have been females, and the female-female pairs are almost certainly a by-product of a femalebiased sex ratio. This hypothesis is supported by the presence of female-female pairs on Kauai where the colony is of similar age and has a similar immigration rate (B. Zaun 2007, unpublished data) , and by the lack of female-female pairs on Guadalupe Island (B. Henry 2008, personal communication) and in larger colonies (Whittow 1993) , which have even sex ratios and low immigration rates.
Owing to the stable long-term pair bond exhibited by albatross, female-female pairs may persist in this population past the point when the sex ratio evens out. This work demonstrates that not only is cooperation a long-term strategy in this population of Laysan albatross, but also that a lengthy time period is actually required for cooperation to be adaptive in this species by allowing each female the opportunity to reproduce. Although female-female pairing results in lower reproductive success than male-female pairing, in situations where males are in short supply, female-female pairing in the interim appears to make the best of a bad job.
Many questions remain surrounding the mechanism behind female-female pairing; additional data on chick parentage and long-term fitness are needed to better understand the nature and adaptive value of this strategy. Despite these uncertainties, these results still provide insight into how changes in the sex ratio of a population can shift the social structure and cause cooperative behaviour to arise. In other species of albatross, skewed sex ratios have been achieved through both natural and anthropogenically influenced differences in mortality (Mills & Ryan 2005; Awkerman et al. 2007) . With sea-level rise threatening, more than 65% of seabird breeding sites in the Hawaiian archipelago (Baker et al. 2006) and other low lying tropical atolls, colonization events will become increasingly common as displaced birds search for safe locations to breed. Whether a skew in sex ratio is due to differential mortality or dispersal, there exists an opportunity to study the appearance of cooperation and changes in mating systems.
